We used mitochondrial DNA (mtDNA) sequence data and allele frequencies at eight microsatellite loci to examine the population genetic structure, estimate the divergence times of distinct lineages, and infer patterns associated with host colonization in populations of the bark beetle Dendroctonus approximatus in Mexico. Two haplotype groups were identified using mtDNA sequences in 71 individuals from 15 populations. The first group was distributed in the Sierra Madre Occidental (SMOc, Western Mexico), with some populations in the Faja Volcánica Transmexicana (Central Mexico), and the second was found in the Sierra Madre Oriental (SMOr, Eastern Mexico), with populations in the Sierra Madre del Sur (Southern Mexico). The estimated split between groups occurred in the late Pleistocene, around 0.195 Mya. Microsatellite allele frequencies revealed high genetic differentiation between pairwise populations, and genetic differentiation values indicated a genetic structure of isolation by distance. Both mtDNA sequence data and microsatellite allele frequencies indicated that D. approximatus had two independent colonization routes in Mexico, one through the SMOc and another along the SMOr. The widespread geographic distribution of D. approximatus in Mexico follows a model of population range expansion of two haplotype groups in which gene flow is restricted by the geographic separation between hosts imposed by physical barriers between populations.
Bark beetles (Curculionidae; subfamily Scolytinae) are widely distributed, and many genera feed on woody plants (Zúñiga et al. 2002) . Bark beetles attack living trees by excavating deep galleries in the xylem and act as vectors for fungi and microorganisms (Wood 1982) . Dendroctonus is an important genus in North and Central America because many species kill their living host trees (Kelley and Farrell 1998) . The extensive mortality caused by bark beetle outbreaks has both economic and ecological impacts and affects forest resource management strategies (Malmström and Raffa 2000; McFarlane and Witson 2008; Salinas-Moreno et al. 2010) . Dendroctonus adults bore through tree bark to feed on the phloem. Eggs are laid along the sides of the excavated tunnels, commonly called "galleries" and the larvae feed outward into the phloem. After leaving the host, adult Dendroctonus females disperse to find another suitable host. Once a host has been selected, females release sex pheromones often termed "aggregation pheromones" because of the tendency for beetles to amass at high densities on the host that attract members of both sexes to the tree (Borden 1986 ). Most Dendroctonus species are generalists that use many pine or spruce hosts in their respective ranges (Kelley and Farrell 1998) . Some Dendroctonus species in Mexico are characterized by high polyphagy, colonizing over 20 species of pines but others appear to be monophagous (Salinas-Moreno et al. 2004 . Dendroctonus species have been divided into primary (i.e., those that initiate the colonization of susceptible trees) and secondary (i.e., those that follow primary beetle species) classes. Multiple primary species commonly occur in the same tree with secondary species (Zúñiga et al. 1995; Salinas-Moreno et al. 2010) .
Particularly, D. approximatus Dietz (Coleoptera: Curculionidae: Scolytinae) is a wide-ranging secondary bark beetle that feeds on 10 pine (Pinus L.) species in montane systems with cold temperate climates throughout its geographic range, which spans from Utah and Colorado in the United States to Honduras (Wood 1982; Farjon and Styles 1997; Kelley and Farrell 1998; Williams and Liebhold 2002; Salinas-Moreno et al. 2004) . In Mexico, D. approximatus occurs in all mountain systems, including Sierra Madre Occidental (Western Mexico, SMOc), Sierra Madre Oriental (SMOr, Eastern Mexico), Faja Volcánica Transmexicana (FVT, Central Mexico), and Sierra Madre del Sur (SMS) (Southern Mexico) (Wood 1982; Cibrián-Tovar et al. 1995; Salinas-Moreno et al. 2004) . Pinus is the largest genus of conifers with 47 species distributed throughout Mexico (Perry 1991; Farjon and Styles 1997) and represents a vast host resource for bark beetles (Salinas-Moreno et al. 2004) . Although D. approximatus is not an important pest in conifer forests in Mexico, its widespread generalist status makes it an ideal model for understanding whether insect colonization occurs as an uninterrupted process where barriers have low filter effect on species distribution and populations do not suffer geographic isolation. The colonization and habitat expansion of D. approximatus were likely facilitated by its great potential for host-switching as well as the wide and continuous distribution of suitable Pinus hosts.
Phylogeography links the patterns of genetic variation among populations to their biogeographic histories (Avise 2000) . Phylogeographic studies of North American Dendroctonus species have indicated that the evolutionary trajectories of bark beetles are complex and diverse due to the varying geological and climatic histories of their habitats (Cognato et al. 2003; Maroja et al. 2007; Mock et al. 2007; Anducho-Reyes et al. 2008) . Host distribution also helps to determine the geographic isolation, differentiation, and genetic structure of Dendroctonus populations (Anderson et al. 1979 (Anderson et al. , 1983 Namkoong et al. 1979; Higby and Stock 1982; Stock et al. 1984; Sturgeon and Mitton 1986; Roberds et al. 1987; Langor and Spence 1991) . Kelley et al. (2000) found that populations of D. ponderosae, a generalist bark beetle, maintained more genetic variation than populations of a specialist, D. jeffreyi. Specialist species generally have smaller population sizes and experience population bottlenecks more frequently.
In this study, we used mitochondrial DNA (mtDNA) sequence data and eight microsatellite loci to examine the phylogeographic and genetic structure of D. approximatus populations. We also estimated the divergence times of distinct lineages and evaluated the association between the phylogeographic and genetic patterns and host colonization events. We aimed to determine the colonization and migration routes of D. approximatus populations from North America to Mexico as well as whether the genetic structure of D. approximatus populations resulted from isolation by distance and/or the distribution of host species.
Materials and Methods

Collection of Insects
We collected 80 D. approximatus adults in 15 localities spanning its entire geographic distribution in Mexico (Table 1 ). All individuals were collected from infested adult trees in [2007] [2008] and frozen at −70ºC until DNA isolation. We sampled beetles in eight host Pinus species (P. leiophylla Schiede and Deppe, P.herrerae Martinez, P. hartwegii Lindl., P. devoniana Lindl., P. maximinoi H.E. Moore, P. pseudostrobus Lindl., P. patula Schiede and Deppe, and P. montezumae Lamb.) in an altitudinal range between 2100 and 3350 m.
Molecular and Statistical Analyses
Genomic DNA was isolated from all D. approximatus individuals using the QIAamp DNA Mini Kit and QIAamp DNA Blood Mini Kit (QIAGEN) according to the manufacturer's instructions. Primers for the cytochrome b gene (cyt-b) (5′-TATGTACTACCATGAGGACAAATATC-3′) (5′-ATTACACCTCCTCCTAATAATTTATTAGGAAT-3′) Stone et al. 2001) were used to amplify a fragment of ~492 bp. Polymerase chain reactions (12.5 μL in volume) contained 1× PCR buffer, 3 mM MgCl 2 , 0.6 mM dNTPs, 50 mM KCl, 10 ng of each primer and 0.5 U of Taq DNA polymerase (Gibco, Invitrogen, San Diego, CA, USA), and 1 μL DNA (5 ng). The thermal cycling conditions were as follows: an initial period of 5 min at 95 ºC, followed by 35 cycles of 60 s at 95 °C, 60 s at 48.4 °C, and 90 s at 72 °C, with a final extension for 5 min at 72 ºC. PCR amplifications were run in an automatic 3100-AVANT GENETIC ANALYSER (Applied Biosystems, Foster City, CA, USA). All obtained nucleotide sequences were compared, edited manually, and aligned with the program Sequencher® 4.7. The mitochondrial sequences used in this study have been deposited in GenBank (ID 1430842).
Diversity Analysis
To compare the levels of polymorphism and diversity in the D. approximatus populations, we used Nei's (1987) equations as implemented in the program DNASP, version 5.1 (Rozas et al. 2003) , to estimate the average G + C content, the total number of synonymous and segregating sites, the average number of nucleotide differences within and between populations, nucleotide diversity (π), and haplotype diversity (H). Neutrality tests of cyt-b evolution were performed with Tajima's D (Tajima 1989 ) and Fu's F S (Fu 1997) , which detect an excess of recent substitution events produced by population growth. These ww (Excoffier and Lischer 2009 ) and 10 4 permutations. For the mismatch distribution analysis, the Harpending's Raggedness index, implemented in ARLEQUIN version 3.5.1.2 (Excoffier and Lischer 2009), was used to evaluate the fit of the observed distribution to those distributions expected under a model of population expansion. A multimodal distribution is expected when there is no evidence of changes in population size, whereas a unimodal distribution is predicted in cases featuring sudden demographic expansions (Rogers and Harpending 1992) . All of these estimations were performed with 10 4 permutations for each population in the mountain systems.
Phylogenetic Reconstruction
Phylogenetic relationships between D. approximatus populations were reconstructed using the program PAUP, version Number of beetles sequenced for mtDNA and number of haplotypes identified (nmt; haplotypes) and genotyped for microsatellites (nmicro). H = haplotype (gene) diversity (with ±standard deviation), π = nucleotide diversity (with ± standard deviation), K = mean number of nucleotide differences within each population for mtDNA, Ho = observed heterozygosity, mean number of alleles for the eight microsatellite data, and pine hosts.
4.0b10 (Swofford 2002) . Phylogenetic trees were reconstructed using maximum parsimony (MP) criteria (Fitch 1977) . MP trees were generated using multiple heuristic searches with 1000 random addition sequence replicates and by using MulTrees with tree bisection-reconnection branch swapping. We evaluated the support for internal nodes obtained with 100 bootstrap replicates using the full heuristic search option performed in PAUP. A 50% majority rule consensus tree was constructed from the most parsimonious trees recovered. Overall trees were rooted with the cyt-b sequences from D. ponderosae (Aw et al. 2010 ).
Divergence Time Estimation
Divergence times were estimated in D. approximatus populations using a Bayesian relaxed clock method implemented in BEAST, version 1.6.1 (Drummond et al. 2006) . BEAST analysis was performed for the cyt-b DNA locus using a relaxed lognormal model of lineage rate variation. This approach tests evolutionary hypotheses accounting for phylogenetic uncertainty, with 95% confidence intervals for the parameter estimates based on the posterior probability distribution over the parameter state space. We also used the nucleotide substitution model with the best fit to the data. For example, the Hasegawa-Kishino-Yano (HKY) model allows unequal transition and transversion ratios and unequal base frequencies (Hasegawa et al. 1985) . The selected model was obtained with the Akaike information criteria (AIC) implemented in the jModelTest 0.1.1 program (Guidon and Gascuel 2003; Posada 2008) . In the absence of appropriate fossil evidence related to Dendroctonus, given the recent critical revision of the relevant literature (e.g., Pons et al. 2006; Papadopoulou et al. 2010; Stroscio et al. 2011) , we used a rate of 2% pairwise divergence per million years for arthropod mtDNA. BEAST analyses were run five times for 50 million generations to ensure the convergence of the MCMC chains. We used a thinning interval sampling every 1000 generations and discarded the first 10% of the generations as burn-in. We evaluated the convergence distributions of each run in TRACER 1.5 (Drummond et al. 2006 ) and then combined the log files from each run to ensure the stable posterior distribution in all parameters using LOGCOMBINER 1.6.1. We constructed a majority consensus trees with maximum credibility and node height distributions using TreeAnnotator 1.6.1 and then visualized and edited the result in the FIGTREE 1.3 program (Rambaut and Drummond 2003) . For the Bayesian molecular dating tree, we used the D. ponderosae sequences for the out-group and root of the tree (Aw et al. 2010 ).
Population Genetic Structure
We used the same microsatellite primers previously designed for D. rufipennis (Kirby) (Maroja et al. 2007 ) ( Table 2 ). To determine microsatellite allele frequencies in D. approximatus populations, we genotyped 83 individuals from 14 populations (1 population, Jal3, was not analyzed due to its small sample size). Fragment analyses were performed with a 3100-AVANT GENETIC ANALYSER with standard loading and electrophoresis conditions. Alleles were sized relative to an internal size standard and analyzed with Peak Scanner, version 1.0 (Applied Biosystems). After scoring the microsatellite data from the population samples, we identified and corrected irregularities in the data with the Micro-Checker 2.2.3 software (van Oosterhout et al. 2004 ). Linkage disequilibrium, deviations from Hardy-Weinberg (HW) equilibrium, and estimates of F ST were calculated with GENEPOP, version 4 (Raymond and Rousset 1995) . Linkage disequilibrium between loci was tested with Fisher's exact test using a Markov chain (10 3 dememorizations; 10 3 iterations) under the null hypothesis of no genotype association between pairs of loci. Deviations from HW equilibrium at each locus were tested by a Markov chain approximation (10 3 dememorizations; 10 3 iterations) of unbiased exact P-values (Guo and Thompson 1992) . The Wright's F ST analog (θ) of Weir and Cockerham (1984) was used to assess the level of population differentiation within the pairwise population genetic differentiation F ST values. We built an unrooted neighbor-joining (NJ) tree using Cavalli-Sforza chord distances (Cavalli-Sforza and Edwards 1967; Takezaki and Nei 1996) with Phylip 3.65 (Felsenstein 2005) . We calculated the bootstrap support with the PHYLIP 3.65 program and the modules SEQBOOT, GENDIST, NEIGHBOUR, and CONSENSE, using 1000 bootstrap replicates (Felsenstein 2005) .
A Bayesian clustering analysis was performed using STRUCTURE 2.3.3 (Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 2009 ). In this analysis, individuals are probabilistically assigned to one of the predefined K populations (gene pools) to identify the optimal number of genetic groups (Evanno et al. 2005) . The optimal number of groups (K) was determined by varying the value of K from 1 to 10 and running the analysis ten times per K value to determine the maximum value of posterior likelihood [lnP(D)]. Each run was performed using 10 5 burn-in periods and 10 6 MCMC repetitions after burn-in. We used the admixture ancestry model with correlated allele frequencies and determined the most probable ∆K value using the maximum value of K, following the method of Evanno et al. (2005) .
Analysis of Barriers
To identify the geographic locations of genetic discontinuities among D. approximatus populations, we used the program BARRIER 2.2 (Manni 2004 (Dieringer and Schlotterer 2003) provided 100 bootstrap replicate distances that were used to achieve statistical significance for the predicted barriers.
Isolation by Distance
To determine whether the genetic structure follows the isolation by distance model, we calculated the linear regression of least squares between F ST /1 − F ST (using θ ST ) and geographic distances among the populations (Rousset 1997) . A Mantel test (Mantel 1967 ) was used to determine the significance of the relationship between geographic distance and pairwise genetic differentiation. This test was performed with 1000 random iterations to obtain statistical significance at α = 5% using the Mantel nonparametric calculator 2.0 (Liedloff 1999) .
Results
mtDNA Variation
We sequenced 492 bp of mtDNA in the cyt-b locus in 71 individuals collected from 15 populations of D. approximatus found throughout Mexico. Within the 492 bp, 43 sites were polymorphic, 33 were parsimony informative, and 77 inferred substitutions were found excluding the out-group. Most of the polymorphic sites occurred within the first or second codon positions (70% and 21%, respectively). The majority of inferred substitutions (53%) represented synonymous sites.
From the 71 mtDNA cyt-b gene sequences, 29 different haplotypes were identified. Five (2, 5, 13, 24, and 25) were shared between populations (Table 1 ) and 24 were unique (Table 1) . One of the five shared haplotypes was the most frequent and was present in five populations located in the SMOc and FVT (Dur1, Zac1, Jal2, Jal3, and EMx1). The remaining four shared haplotypes were found in no more than three populations. All populations except Jal3, Oax1, and Oax2 contained more than one haplotype ( Table 1) . The Coh1 population in the SMOr had the highest number of haplotypes with five (Table 1) . Populations in the SMOc, FVT, and SMS had high haplotype diversity (H = 0.5-1) ( Table 1) , whereas populations in the SMOr had low to moderate haplotype diversity (H = 0.167-0.89). Nucleotide diversity was relatively low in all populations; the highest values were observed in populations in the SMOc and FVT, and the lowest values were observed in populations in the SMOr and SMS. The mean number of nucleotide differences (K) between haplotypes was highly variable among populations, with the highest average number observed in the Chs1 population.
Historical Population Demography
Neutrality test analyses (Tajima's D and Fu's Fs) provide insight into demographic evolutionary history. The majority of the estimated values for the D and Fs tests performed on montane populations (e.g., SMOc, FVT, and SMOr) were negative and significant (P < 0.05), indicating an excess of rare alleles. The SMS region yielded negative estimations in all cases but with significant (P < 0.05) values only for Fu's Fs (Table 3 ). This pattern is frequently attributed to demographic population expansions. A mismatch distribution analysis provided further evidence of population expansions: the Harpending's raggedness index did not reach significance for any population, indicating that the observed distributions did not significantly deviate from a unimodal shape.
mtDNA Genealogy
The phylogenetic relationships determined by a MP heuristic search were represented in a 50% majority rule consensus with 413 steps (Figure 1a) . The tree consisted of two main haplotype groups: the first basal group comprised individuals from populations in the SMOc and FVT (e.g., Chh1, Chh2, Dur1, Zac1, Jal1, Jal2, Jal3, and EMx1), and the second group comprised individuals from populations in the SMOr and SMS (e.g., Coh1, NvL1, NvL2, Oax1, Oax2, Oax3, and Chs1). The robustness of the clades determined by the bootstrap analysis gave confidence values ≥0.5, indicating that the majority rule tree groups are well-supported.
Divergence Time Between Populations
The Bayesian tree topology was similar to the MP tree and showed that the populations in the SMOc were more related to those from the FVT, whereas populations in the SMOr were grouped with populations from the SMS (Figure 1b) . The out-group D. ponderosae was estimated to have split from the ingroup 0.195 Mya. The divergence time for the SMOc-FVT and SMOr-SMS clades was 0.10 Mya. The divergence time for the SMOc and FVT populations was dated at 0.02 Mya, whereas the SMOr and SMS populations were estimated to have diverged 0.023 Mya. According to this topology, the lineages were separated into two groups in the late Pleistocene at 0.195 Mya (Figure 1b) .
Population Genetic Diversity and Structure
An analysis of 8 microsatellite loci in the 14 populations revealed no evidence of linkage disequilibrium in individual populations or across all populations. No deviations from HW equilibrium were observed. The number of alleles per locus ranged from 4.5 to 9.0. In addition, the majority of populations showed high levels of genetic diversity, with an average heterozygosity of 0.882 ± 0.079 (Table 1 ). There were no significant differences in heterozygosity among populations (χ 2 = 0.246, df = 1, P > 0.05). However, 11 populations showed evidence of excess of heterozygotes (i.e., negative values), whereas three populations did not exhibit signatures of deficiency or excess.
Analyses of pairwise population differentiation (F ST ) under the infinite allele mutation model (IAM) mutation model revealed significant allelic differentiation in 44 of 91 (48%) comparisons across all loci (P = 0.0001) ( Table 4) , indicating population differentiation between pairwise populations in the group of SMOr-SMS relative to the SMOc-FVT group. In addition, the NJ dendrogram clustered the 14 populations into two major groups, separating the SMOc-FVT populations from the SMOr-SMS populations (Figure 2) .
The lnP(D) values obtained from the Bayesian clustering STRUCTURE analysis indicated that the highest posterior probability was obtained for three genetic clusters (K = 3) (Figure 3) . Figure 3 shows the proportional membership in all clusters for individual beetles belonging to each mountain chain system, with individuals sorted by populations. The majority (69%) of SMOc and FVT beetles were assigned to a single genetic group (gray). Most of the SMOr and SMS beetles (64%) were assigned to another genetic group (black), and many individuals from one SMS population (Chis1) belonged Table 1 . Table 1. to the third genetic group (white). The genetic composition based on Bayesian cluster analysis (Figure 3 ) and the relationships observed in the distance dendrogram ( Figure 2) were essentially identical for all populations.
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Genetic Discontinuities
The ancestry proportions for each population of the three genetic groups as assigned by STRUCTURE were associated with the genetic discontinuities detected by the Monmonier's maximum difference algorithm in the BARRIERS software. The analyses separated the populations of bark beetles in each mountain chain system (La-I, III, IV, and V in Figure 4) . Most of the populations formed homogeneous groups within a given mountain system. However, one isolated population (Chs1) in the SMS was sufficiently different to be placed in a unique isolated cluster (La-II in Figure 4 ).
Isolation by Distance
Significant results were obtained for the Mantel test between the F ST /1 − F ST (using θ ST ) values and geographic distances for the D. approximatus populations (r = 0.24, P = 0.042), suggesting that there was a significant correlation between genetic and geographic distances. In other words, the data reflect a history of isolation by distance resulting from substantial barriers to gene exchange across all populations.
Discussion
In this study, we reconstructed the phylogeographic structure of D. approximatus in Mexico using mtDNA sequences of the cyt-b gene. We found a higher number of haplotypes (29 among 71 individuals) than previously observed in specialist bark beetle species such as D. jeffreyi (Kelley et al. 2000) . However, this proportion was lower than observed in other generalists, such as D. valens, D. rufipennis, and D. ponderosae (Cognato et al. 2005; Maroja et al. 2007; Mock et al. 2007 ).
The lower haplotype diversity in D. approximatus compared to other Dendroctonus generalists may also be explained by the lower nucleotide variability of cyt-b compared to CO1 (Cytochrome Oxidase 1). Genetic studies on insects have shown higher variation in sequence region in CO1 than cyt-b genes (Zhang and Hewitt 1996; Gray 2006) , although in other cases comparable nucleotide diversity differences among CO1 and cyt-b genes have been found (Huang et al. 2000; Simmons and Weller 2001) . There are few arguments supporting the idea that generalist species maintain a greater number of haplotypes; however, our results support the hypothesis that generalist bark beetles have higher genetic diversity than specialists. One hypothesis suggests that the long-term association with one particular host could result in a reduction of genetic variation and eventually in the loss of the ability to use alternative hosts (Kelley and Farrell 1998; Kelley et al. 2000) . The high genetic diversity of generalists could be associated with a moderate effect of environmental factors (e.g., climatic fluctuations in the past) on the demography and distribution of these species, thereby permitting the origin and maintenance of mutations through the generations (Hewitt 2000) . The relatively low nucleotide variation and high haplotype diversity values observed among D. approximatus populations Table 1. support a model of range expansion across the species' geographic distribution (Grant and Bowen 1998) . This interpretation was confirmed by the large negative values for the Tajima's D test and the nonsignificant and unimodal Raggedness index for the mismatch distribution analysis performed on the montane populations. According to Rogers and Harpending (1992) , a multimodal distribution is expected when there are no changes affecting population size, but unimodal distributions are expected when demographic expansions have occurred. Our results suggest that D. approximatus populations conform to a model of range expansion across the geographic distribution of the species. Several studies have suggested that higher levels of genetic diversity may result from populations staying in one place for long periods and accumulating mutations (Hewitt 2000; Widmer and Lexer 2001) . In turn, lower levels of genetic variability may occur in regions that were recently colonized or that harbor small relict populations (Jakob et al. 2009 ). For instance, populations of some Dendroctonus, Tomicus, and Ips species from Europe and North America present this pattern of genetic variability and have been linked to several postglacial colonization routes from Pleistocene refugia (Stauffer et al. 1999; Kohlmayr et al. 2002; Cognato et al. 2003; Ritzerow et al. 2004; Faccoli et al. 2005; Horn et al. 2006; Maroja et al. 2007; Mock et al. 2007 ).
According to the haplotype network and the Bayesian phylogenetic tree constructed for the D. approximatus populations, there is a clear separation between two groups of haplotypes. The first comprises populations from the SMOc and FVT, and the second from populations in SMOr and SMS. The two clades are genetically distinct and were estimated to have diverged 0.195 Mya in the late Pleistocene (Figure 1b) . Several authors have suggested that physical isolation between the SMOc and SMOr provinces occurred as a result of the formation of basins of the Chihuahuan Desert and Central Plateau (Hoyt 2000) as well as the intense volcanic activity in central Mexico (Thomas 1993; Ferrusquía-Villafranca 1998) . These conditions likely fragmented the conifer forests among the mountain ranges and resulted in the geographic isolation and loss of interconnectivity between bark beetle populations (Anducho-Reyes et al. 2008) . We also observed high genetic differentiation in D. approximatus populations belonging to these regions (SMOc-FVT vs. SMOr-SMS), with the greatest genetic differentiation existing between the SMOc and SMS populations. Interestingly, the close phylogenetic relationship between the SMOc-FVT and SMOr-SMS bark beetle populations seems to be consistent with the biogeographic patterns observed in other beetle species (Márquez and Morrone 2004; Morrone 2005) .
Migrations of montane plant species from the SMOc to central Mexico (FVT) occurred during Pleistocene (McDonald 1993) , primarily in the form of successive waves of temperate taxa encouraged by the repetitive climatic fluctuations (Huidobro et al. 2006; Corona et al. 2007 ). Pollen records from northwestern Mexico (SMOc) indicate that the area was covered with pine forests and chaparral, characteristic of a wet climate (Ortega-Guerrero et al. 1999) . Similarly, pollen records from Central Mexico (FVT) show an increase in the presence of Pinus, Quercus, Alnus, and Picea species over the same period, suggesting a subhumid cold climate for this period (Brown 1985; González-Quintero 1986; Lozano-García et al. 1993) . These findings indicate similar climatic conditions and expansions of temperate forests and are supported by the results of the tests of neutrality tests, suggesting that the SMOc and FVT populations were expanding during this period (Table 3) . Therefore, we propose that the history and demography of D. approximatus populations in these mountain systems (SMOc and FVT) can be traced to successive historical expansions and contractions in their distributions and subsequent restricted interconnectivity among the putative Pleistocene refuges.
On the other hand, the great similarity between populations of bark beetles from the SMOr and SMS might be the result of a more northeast-south migration during the Pleistocene (Huidobro et al. 2006; Corona et al. 2007 ). This association among the SMOr and SMS biogeographic provinces is apparently a common trend and reflects the fact that both provinces served as natural corridors for several plant or animal communities during the successive climatic events as indicated by comparative studies on the biogeography of plants and insects (Halffter 1987; McDonald 1993) . However, pollen fossil records from the end of the Pleistocene indicate an increase in tropical forests in Central Mexico, which resulted in the contraction of temperate forests toward higher altitudes in the mountains (Lozano-García et al. 1993; Metcalfe et al. 2000) . These contrasting environmental conditions promoted the further divergence of beetle populations in these two regions, even though the SMOr and SMS populations continued to maintain a close relationship, as indicated by the low value of genetic differentiation. The neutrality tests suggest that the SMOr populations experienced an expansion, whereas the SMS populations showed no changes in effective population size.
Genetic Diversity and Structure
Dendroctonus approximatus showed higher levels of genetic variability than other generalist bark beetles, such as D. ruffipenis (Maroja et al. 2007) , D. ponderosae (Kelley et al. 2000) , and D. mexicanus (Zúñiga et al. 2006) . High rates of genetic variability in bark beetle species have been associated with epidemic vs. nonepidemic populations, development on trees with thick bark, and utilization of the midbole of the tree (Florence and Kulhavy 1981; Stock and Amman 1985; Sturgeon and Mitton 1986; Roberds et al. 1987; Langor and Spence 1991; Amman and Stock 1995; Zúñiga et al. 2006 ). In particular, in the case of D. approximatus, genetic variability may be associated with its extensive geographic distribution and its use of multiple Pinus species hosts, which could allow for the origin and maintenance of greater genetic diversity. However, the genetic variability could also be the effect of geographic isolation between populations, as indicated by the Mantel test and the high genetic differentiation between pairwise populations.
The Monmonier's maximum difference algorithm detected five genetic discontinuities (boundaries) in the population genealogy obtained with STRUCTURE (Figure 4) . The geographic distribution of D. approximatus suggests that this species, like other bark beetles (Salinas-Moreno et al. 2004) , used the mountain systems as broad corridors for dispersal. However, the genetic boundaries may also represent important physical barriers or discontinuities between the corridors associated with the distribution of Pinus species. For instance, the La-I divides the SMOc from the northern FVT, the La-II divides populations in the north and south SMS, the La-III separates the SMOc from the SMOr, and the La-IV and La-V divide populations within the SMOr and the SMS. Many factors determine the ability of insect populations to use different hosts such as suitable climatic conditions and capacity to select available hosts and dispersal ability (Peterson and Denno 1998) . Several ecological studies have shown that many bark beetles find their hosts within the neighborhood of their emergence site (short dispersal of <1 km), whereas others fly long distances at random to find a suitable host (long dispersal of >1.5 km) (Byers 1995; Zuñiga et al. 2006) . Dendroctonus approximatus attacks trees previously selected by other bark beetles (Wood 1982) and likely flies short distances to find hosts within the neighborhood of its emergence (Byers 1995) . While beetle dispersal is generally moderated by the trade-off between the benefits of short-and long-distance dispersal, the continuity and great heterogeneity of possible hosts within Pinus forests promote gene flow between bark beetle populations. Nevertheless, gene flow may be greatly affected by the geographic separation between individual hosts or host species. This possibility is corroborated by the significant correlation of isolation by distance that we observed in D. approximatus populations. In this sense, the relationships in the distance tree revealed a strong similarity between the clade formed by populations from the SMOc and FVT and the clade formed by populations from the SMOr and the SMS (Figure 2 ). This grouping was also observed in the phylogenetic tree and haplotype network and can most likely attributed to the presence of host tree species (e.g., P. patula, P. pseudostrobus, and P. montezumae) that are not present in the other regions.
In summary, the results of the mtDNA sequence and microsatellite allele frequency analysis indicated that D. approximatus populations in the SMOc and FVT are genetically distinct from the populations of SMOr and SMS. In both cases, mtDNA and microsatellites showed affinities between bark beetles collected within or adjacent to the region where their host co-occurs. The combined results indicate that D. approximatus followed two separate colonization routes: one in the west, through the SMOc to the FVT, and another in the east, along the SMOr and passing across the mountains in the SMS. The phylogeographic and genetic structure of D. approximatus can be explained as the aggregate result of multiple historical process, including 1) the geological origin and development of the main physiographic features of the mountains in Mexico; 2) the relatively moderate expansions and contractions of temperate forests during the Pleistocene; and 3) the ability of bark beetles to disperse, locate, and colonize new hosts.
